Size-dependent effective mass approximations 2 add appropriate quantum mechanical terms for the quantization of the bands into discrete energy levels. The second order size dependent term accounts for the confinement of the available states in a potential well. The first order term is negative to account for the coulombic attraction of the electron-hole pair in a reduced volume. The details of the potential are hidden within the effective masses generated for the electron and hole of a material, and as such are only as accurate as the calculated masses. that mirrors that of the bulk alloys. 3 The shift in elemental concentration is an important factor used to calculate band gap energy of a semiconductor but does not appear to have a sizedependent component. . In this study they observed a surface mediated cleavage reaction between two bridging SPh -groups with ensuing production of S 2- and loss of diphenyl sulfide. 28 In the solid solution the anion distribution throughout the QD may exist as a homogeneous, heterogeneous, gradient, or perhaps a core-shell 3,29 depending on the competition between phenylthiolate decomposition, phenylthiolate concentration, and rate of S 2-versus Se 2-addition to a growing QD surface. The possibility of a core-shell motif was first suggested by Gamelin et al 10 due to the observation of enriched S 2-content at the QD surface;
however, a core-shell motif is not necessary to observe enrichment of S 2-at the surface based on our NMR observation 30 of strongly bound SPh -at the QD surface, which would result in the identical conclusion of S 2-enrichment but not imply a core-shell motif. The remarkable stability of the phenylthiolate at the surface (impervious to ligand exchange in pyridine) and the lack of detrimental effects on the quantum yield implies that the phenylthiolate anion exists as the [Cd(SPh) 4 ] 2-tetrahedral capping motif on these cluster grown QD materials, as suggested in our earlier study. 30 These results have prompted a more in-depth study into understanding the quality of the resultant QD grown from the inorganic cluster source, the nature of the anion distribution in the solid solution, and the complexity associated with the incorporation of defect ions into a growing QD.
By correlating X-ray fluorescence (XRF), thermogravimetric analysis (TGA), NMR, and UV-Vis absorption, we demonstrate the formation of a CdSSe gradient as the QD grows, with enrichment of S 2-in the alloy. The optical absorption of the CdSe materials shows a blue shift in the energy due to the increasing S 2-content, as predicted by the effective mass approximation for a ternary semiconductor. The S 2-concentration is higher in XRF than estimated by absorption.
The aberrant S 2-content measured by micro-analytical techniques represents a combination of the S 2-alloy enrichment as the particle grows plus the presence of the Cd-phenylthiolate species, while the absorption only reflects the band gap tuning by alloy formation. , and ±16 ppm for S 2- . Composition analysis of bulk samples was used to further validate the method.
Optical absorption was analyzed in a 1-cm cell in toluene (~1 x 10 6 mol) using a Cary 50 UV-Vis spectrophotometer. Powder X-ray diffraction (pXRD) was carried out on a Rigaku MAX 300 Ultima 3 diffractometer using Cu-K α (λ = 1.5418 A) with the d-spacing calibrated to a Si 0 standard to verify crystal motif. Using the Debye-Scherrer formula (Eq. 2.1) the QD diameter was calculated, (Eq.
2.1)
where τ is the QD diameter, λ is the X-ray wavelength, β is the full width at half maximum of the peak, θ is the angle at the peak, and Κ is the shape factor. The <110> peak was used to calculate the QD diameter to eliminate complications from overlapping reflections. QD sizes and morphology were verified and the shape factor calibrated by transmission electron microscope (TEM) for select samples using a JEOL-2010 operated at 200 kV. Selected area electron diffraction (SAED) built into the TEM system was used to investigate the crystalline structures of the particles. The QDs were dispersed on holey carbon (400 mesh) from a toluene solution.
Thermogravimetric Analysis (TGA) samples were placed into alumina crucibles for analysis on an SDT 2960 (Simultaneous DSC TGA) and were heated to 300 °C or 500 °C at a rate of 2 °C/min under a flow of N 2 gas at 60 mL/min. Percent weight loss was determined for each sample using the accompanying TA Universal Analysis 2000 software package. A 4.0 and 5.7 nm CdSSe alloy grown from the cluster were measured by TGA at 300 °C and at 500 °C and the resultant powder analyzed by XRF for S 16 ] as a powder, and the reaction temperature was increased to 230 °C at an approximate rate of 1-2 °C /min. Five large aliquots (15 mL) were isolated every 10-20 nm. These samples were isolated from the reaction mixture and purified using standard dissolution -precipitation protocols, in which the aliquots were solvated in toluene (~5 mL), methanol (~5 -10 mL) was added to induce precipitation, the sample was centrifuged and the precipitate collected (3x). A final purification step was applied by dissolving the precipitate (20 mg) into liquid TOPO (1 g, 80 °C) for 5 min and precipitation of the QD from the TOPO using the above dissolution-precipitation procedure above. The samples were stored under vacuum following isolation of the solid. 16 ], prepared by previously published methods. 33 The reaction was heated to 230 °C and monitored by absorption spectra until the desired sizes were reached. This sample was cleaned by selective precipitation with toluene/methanol, followed by TOPO exchange. and can incorporate defects as the crystallite grows depending on the concentrations and the kinetics for the specific ion addition to the growing nanocrystal surface. 35 When the single source cluster reaction is carried out in a strongly coordinating solvent, it is presumed that QDs are generated from a similar mechanism as proposed by 
Section 2.2.5: Homogeneous Acid Etching of CdSSe QDs.

Section 2.3.2: Elemental Distribution in the As-Prepared CdSSe
In were analyzed by solid state 13 C CP-MAS. These samples were subjected to TOPO exchange at 80 °C for 5 min and re-isolated from the TOPO solution using standard re-precipitation techniques prior to the NMR analysis.
In the NMR data we observed the presence of SPh -on all sample sizes in remarkably high ratios confirming the presence of phenylthiolate at the surface and more importantly the inability to remove the phenylthiolate by standard ligand exchange protocols. The NMR data for a 3.2 nm CdSSe sample 13 C spectra is shown in Figure 2 The representative NMR data shows conclusively that SPh -is present in these materials.
However, it is important to note that the S 2-content reported in Table 2 .1 is too high to be accounted for by merely the presence of SPh -at the surface, particularly at the largest sizes where ~70% S 2-content is measured by XRF. Although a core-shell motif could help explain this observation, our 13 C NMR studies clearly demonstrate Se 2-at the surface in the 1 H-77 Se CPMAS experiments. 30 To properly project the CdSSe composition and thus the elemental distribution, the quantity and characteristics of SPh -at the QD surface must be better understood.
A semi-quantitative measure of the phenylthiolate ligation can be extracted by integration of the 13 C CP-MAS NMR signals for phenylthiolate and TOPO (Figure 2.4) . A plot of the phenylthiolate content versus size is intriguing, as it suggests the SPh -content increase with increasing size up to at least 3 nm, and than decreases as the QD grows. Ligand exchange by TOPO, pyridine or HDA does not modify the observed phenylthiolate concentration ratio in these materials. This observation is consistent with our earlier publication 30 where the phenylthiolate was observed to be remarkable robust on the QD surface, exhibiting a lack of transition exhibits a blue-shift of 41 nm for a QD of the same size. The core-shell motif, where CdSe and CdS phases are completely segregated, does induce a shift in the absorption edge, but has a much weaker (~8 times less) effect at low dopant concentrations. 3, 40 The observed shift in the first exciton transition of CdSSe relative to CdS and CdSe QDs provides direct and conclusive evidence of S 2-incorporation into the lattice. Although the effective mass equation is an approximation for describing the QD absorption properties, the experimental plots support a homogeneous alloy formation. The details of the alloy whether uniform or a gradient from core to surface is not defined by the absorption data alone, and only the correlation of all the experiments can provide a map of the formed alloy.
Section 2.3.4: Qualitative Model of the QD
If we assume the growth of a QD follows crystallization theory, with a pure nuclei forming first and the QD growth governed by thermodynamic equilibrium for S 2-and Se 2- addition to the growing material, 35 we predict for a hetero-nuclear reaction, a pure nucleus is formed from the binary components prior to the formation of the ternary alloy. For cluster reactions, the incorporation of S 2-to form an alloy will be dominated by the temperature of the reaction, since the decomposition mechanism is temperature dependent; and the concentration of surface bound Cd-phenylthiolate, since the rate of atom addition is dictated by the microscopic reactivity of the QD surface.
Thermodynamics predict that the activity of adding ions will have inherently different rates for ion incorporation. , we expect a pure CdSe nuclei (nucleation), followed by increasing S 2-to Se 2-ratios as the particle grows due to Se 2-depletion and increasing Cd-phenylthiolate decomposition as the reaction progresses with reaction temperature (Ostwald ripening). As the reaction progresses, a constant value for the S 2-to Se 2-ratio will occur when the rate of S 2-and Se 2-incorporation comes to equilibrium.
A plot of the S 2-percentage versus size extracted from XRF and absorption data is shown in Figure 2. 6A. An increase in S 2-content is observed from a value of 1% (12% XRF) at 1.5 nm to a constant value of 25% (66% XRF) above 3.5 nm based on Eq. 2. The experimental data is consistent with the proposed growth mechanism. The nucleation step is evidenced by the nearly pure composition for a 1.5 nm QD observed in Figure 2 .6A. Efforts by Gamelin et al have pointed towards the critical nuclei for CdSe to be roughly 1-2 nm in size, in agreement with our observation. 35 As the particle grows, the S 2-concentration increases linearly up to 3.5 nm and asymptotes at a steady state concentration as predicted by the crystallization process.
While the results of the study are consistent for either XRF or absorption analysis, the latter probes lattice composition whilst the former reports both lattice and surface ligand contributions. The mismatch of the two values observed in Figure 2 .6A above 3.5 nm is assigned to the formation of a S 2-enriched surface, which necessarily includes the Cdphenylthiolate moiety. The high S 2-content in the XRF data is clearly associated with a surface 
Section 2.3.5: Conclusion
In Figure 2 .7, the model for S 2-distribution throughout the QD is proposed. At the core, a pure CdSe nuclei of ~1.5 nm exists. As the particle continues to grow, phenylthiolate The contribution of phenylthiolate to the total S 2-content reduces substantially above this point as evidenced by the NMR data, and therefore has a smaller impact on the error from microanalytical techniques.
The data supports a model where the Se 2-is not restricted to the core and the S 2-to the surface, as expected for a core-shell, but rather represents a solid solution whose composition is controlled by thermodynamic parameters, namely S 2-concentration, energetics of S 2-versus Se 
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